Abstract White blood cell (WBC) count is associated with incident coronary heart disease (CHD). Data are sparse regarding its association in young adults with future coronary artery calcification (CAC). Our study was conducted among coronary artery risk development in young adults (CARDIA) participants (n = 3,094). We examined the association between baseline (Y0) WBC counts and CHD risk factors using linear regression models. We further assessed prospective associations between Y0 WBC and inflammatory biomarkers during the follow-up, and the presence of CAC 15 and 20 years later. In total, 272 and 566 subjects had CAC scores [0 at year (Y) 15 and Y20, respectively. Baseline total WBC counts were cross-sectionally associated with SBP, BMI, and smoking, or HDLcholesterol (p B 0.01) at Y0, and prospectively associated with C-reactive protein at Y7, Y15, and Y20, and fibrinogen at Y5 and Y20 (p \ 0.01). After adjustment for potential confounding factors, baseline neutrophil count was borderline associated with CAC presence 15 years later (OR = 1.18 per unit, 95 % CI 1.00-1.44) and total WBC (OR = 1.07, 95 % CI 0.96-1.19) or eosinophil (OR = 1.12, 95 %CI 1.00-1.25) was borderline associated with CAC presence at Y20. Baseline total WBC counts in young adults was associated prospectively with CAC presence 20 years later after adjusting for age, sex, and race. Results are attenuated when other risk factors are accounted for. Our results suggest the possible early involvement of WBC, particularly eosinophils, in the early stages of atherosclerosis.
Introduction
Cardiovascular disease (CVD) is the leading cause of death and a major cause of disability in the United States [1] . Epidemiological evidence has illustrated the association between long-term exposure to CVD risk factors and increased incidence of future subclinical and clinical CVD [2] [3] [4] . Baseline and long-term risk burden over 15 years in 18-to 30-year-old young adults from the coronary artery risk development in young adults (CARDIA) is associated with CAC presence at ages 33-45 years [5] . These data indicate that risk burden at young age is associated with the development of atherosclerosis over years and decades.
Atherosclerosis is a multistep disease that involves chronic inflammation at every stage [6] [7] [8] . White blood cells (WBC) play an important role in the inflammatory responses involved in the initiation and propagation of atherosclerosis [9] . Extensive data have shown that total WBC count is associated independently with risk for future clinical atherosclerotic CVD events [10] [11] [12] . Counts of WBC subpopulations, such as neutrophils, monocytes, lymphocytes, and eosinophils, have also been associated with atherosclerosis and CHD, respectively [13] [14] [15] [16] .
Noncontrast cardiac CT can be used to measure coronary artery calcification (CAC) non-invasively. CAC identifies individuals with advanced coronary atheroma and is a good surrogate measure of the overall burden of coronary atherosclerosis [17] [18] [19] . Asymptomatic individuals with CAC have a substantially increased likelihood of future CHD and other CVD events. In the Multi-Ethnic Study of Atherosclerosis (MESA), individuals with Agatston CAC scores [100 had 7-fold greater adjusted hazards for major coronary events over 3.8 years compared with those with CAC = 0, even after adjustment for traditional risk factors [20] . Therefore, preventing the development of subclinical atherosclerosis, as manifested by CAC, may lower CHD incidence. Study of the biomarkers involved in the early stages of atherosclerotic lesion formation may provide important insights into CHD prevention.
Data are sparse regarding the prospective association of WBC count and risk of subclinical atherosclerosis over a 20-year period in young and middle-aged adults. To better understand the role of WBC and inflammation in the early stage of atherosclerosis development, we examined whether baseline WBC counts are associated with future risk for the development and progression of subclinical atherosclerosis as measured by CAC 20 years later.
Methods

CARDIA cohort
The coronary artery risk development in young adults (CARDIA) is a multi-center longitudinal cohort study of risk factors for CHD development in young adults free of CVD (n = 5,115) aged 18-30 years at baseline (1985) (1986) . Participants have undergone eight examinations to date, including a baseline examination (Y0) and follow-up examinations at Y2, 5, 7, 10, 15, 20, and 25, with a 70 % examination rate at Y20 (2005) (2006) . A detailed description of study design, sampling, and response rates was published previously [21] . Institutional review boards at each study site reviewed the protocol and procedures and approved the research. All participants provided written informed consent. Our analyses for the present study included participants (n = 3,094) who had information on WBC count at baseline and participated in CAC measurement at Y15 or Y20.
CAC assessment
Coronary artery calcification examinations were conducted by electron beam or multi-detector computed tomography (CT) to detect the presence and extent of CAC at Y15 and Y20. Details were as described previously [22] . Briefly, calcifications located along a coronary artery that measured 4 adjacent pixels or more (approximately 2 mm 2 ) with a computed tomographic number higher than 130 Hounsfield were counted. CAC lesions of this size have been found to be reproducible [23, 24] . To ensure comparability of the measures between the Y15 and Y20 CT exams, the Y15 participants with any CAC and a random sample of those with zero scores were re-analyzed using the same readers and workstations as at the Y20 exam. The calcium score was calculated for each scan multiplying the area of the focus in mm 2 by a coefficient based on the peak computed tomography number of the focus, as described by Agatston using a commercially available and FDA approved workstation (TeraRecon Aquarius Workstation, San Mateao, CA) [25] . Individuals with CAC scores[0 were considered CAC (?). 566 total participants had CAC scores greater than zero during the 20 years of follow-up, including 272 participants at Y15 and 294 additional participants at Y20. Participants who have information on WBC count at baseline and CAC measurement at Y20 were included for CAC-associated analysis. CAC progression between Y15 and Y20 was examined only among those with CAC score[0 at Y15, defined as either an annualized change of 10 Agatston units among participants with 0 \ CAC \ 100 at Y15 or an annualized percent change (annualized change in CAC score divided by the baseline CAC score) C10 % among participants with CAC C 100 at Y15 [20] . Those with CAC = 0 at Y15 and CAC [ 0 at Y20 were not included in the progression-related analysis.
Statistical analyses
Baseline characteristics of demographics and traditional CVD risk factors as well as inflammatory biomarkers during follow-up were compared by baseline total WBC counts using general linear models for continuous variables and cross-tabulations for categorical variables. We used multivariable linear regression to examine the cross-sectional associations of baseline WBC (total and subtype) count and known CVD risk factors including systolic blood pressure (SBP), body mass index (BMI), smoking status, total cholesterol, and HDL cholesterol. We used multivariable linear regression models to examine the relation of baseline WBC counts to circulating biomarkers of inflammation measured at Y20. To assess the prospective associations of WBC count and CAC presence at Y15 and Y20, and CAC progression between Y15 and Y20, respectively, we used multiple logistic regressions to calculate adjusted odds ratios (OR) and 95 % confidence intervals (CI) with standardized estimates provided. Because of a skewed distribution, WBC counts were natural log transformed to approximate a normal distribution when used as a continuous variable in analyses. Statistical significance was determined by two-sided p \ 0.05. All analyses were performed using SAS 9.2 (Cary, NC).
Results
The study sample consisted of 3,094 subjects, of whom 43.2 % were men with mean (SD) age of 25.1 (3.6) at baseline. The prevalence of CAC at follow-up was 11.1 % at Y15 and 18.3 % at Y20. Participants with higher total WBC counts were more likely to be non-Hispanic white females and had higher systolic blood pressure and BMI but lower high density cholesterol levels (p \ 0.01). They were also more likely to be smokers. Those with higher baseline total WBC had higher plasma levels of inflammatory biomarkers during the follow-up, including C-reactive protein CRP (Y7, 15, and 20), IL6 (Y20), and fibrinogen (Y5 and Y20) ( Table 1) . Table 2 shows associations of baseline major CVD risk factors and WBC counts using multivariate linear regression. After adjusting for demographic covariates (i.e., age, sex, and race) and other baseline known risk factors, smoking was positively associated with total WBC and lymphocyte, neutrophil, monocyte, eosinophil, and basophil counts. A similar pattern was observed for BMI, except for eosinophil and basophil counts. SBP was associated with WBC total and neutrophil counts. Total cholesterol level was not associated with any WBC count, and HDL cholesterol level was inversely and minimally associated with total WBC count and lymphocytes. Table 3 shows associations of baseline WBC count and follow-up inflammatory markers using multivariate linear regression. In CARDIA, data is available on Y7, Y15, and Y20 CRP; Y5 and Y20 fibrinogen; and Y20 IL6. Our analyses show that baseline total WBC count was associated with CRP at Y7, Y15, and Y20, and fibrinogen at Y5 and Y20, respectively.
Total WBC (OR = 1.23 per unit, 95 % CI 1.12-1.36), neutrophils (OR = 1.12, 95 % CI 0.99-1.26), lymphocytes Table 1 ). In addition, 35 study subjects developed cardiovascular disease prior to Y20 CAC examination. We also examined the association of baseline WBC and CAC presence at Y20 by excluding these subjects, and the result remained similar (Supplemental Table 2 ).
Discussion
Leukocyte recruitment and expression of pro-inflammatory cytokines characterize all steps of atherogenesis [26] . In the present investigation, baseline CVD risk factors, such as smoking, BMI, HDL cholesterol, or SBP, were associated with baseline WBC total and/or subtype counts. WBC counts were prospectively associated with circulating CRP and fibrinogen. Total WBC and eosinophils were borderline or significantly positively associated with the probability of having CAC 20 years later. Exposure to cardiovascular risk factors can cause persistent, low-grade systemic inflammation and subsequent inflammatory responses, including increased WBC count and the release of inflammatory mediators [27] [28] [29] [30] [31] [32] [33] [34] . Our finding regarding correlation of total WBC counts with risk factors is in line with previous studies. Total WBC has been shown to correlate positively with these known risk factors, including cigarette smoking, serum total cholesterol, clotting factors, fasting glucose levels, and diastolic blood pressure [10, [35] [36] [37] [38] . The circulating cytokines produced by blood leukocytes can affect the biological function of vascular endothelium as well as adipocytes and hepatocytes, to generate a spectrum of pro-atherogenic changes that include CRP and fibrinogen, insulin resistance, dyslipidemia, pro-thrombotic effects, pro-oxidative stress, and endothelial dysfunction [39] . We observed that total WBC count is positively associated with CRP at Y7, Y15, and Y20 and fibrinogen at Y5 and Y20. We also observed that lymphocyte count is associated with fasting insulin levels at Y20 (Supplemental Table 3 ). Further adjustment for diabetic treatment at the time that the measurements were conducted did not change the results meaningfully. Taken together, WBC and their produced inflammatory mediators may serve as the key element of the biological pathways linking cardiovascular risk factors with atherosclerosis. Previous studies have shown that WBC count is independently associated with the risk for future CVD events in those with and without pre-existing CVD [10] [11] [12] . Blood monocytes, and other subtypes of WBC with relatively low numbers in local atherosclerotic plaque, such as neutrophils, lymphocytes, and eosinophils, have also previously been shown to be associated with atherosclerosis and CHD [13] [14] [15] [16] . Among CARDIA participants, we also found that total WBC count was associated with CAC presence 20 years later, although with some attenuation after adjusting for CVD risk factors. Attenuated associations may be due to the direct involvement of WBC in the pathways between CVD risk factors and CAC, and further suggest the important role of WBC in atherosclerosis [40] . Total WBC counts may represent the immune system in its true context, i.e., with all cellular components represented and interacting together, thus providing a realistic reflection of in vivo events.
Although monocytes are the most prevalent inflammatory cells in the atherosclerotic lesion and play a pivotal role in plaque formation [7] , we did not observe a significant association between baseline monocyte count and future CAC presence. However, WBC subtypes that are not prevalent in atherosclerotic plaque, such as neutrophils, lymphocytes, and eosinophils, were associated with CAC presence at Y20 when adjusted for age, sex, and race. Neutrophils are known to be involved in atherogenesis by causing endothelial damage and interacting with endothelium to release monocyte chemo-attractant protein-1, thus promoting monocyte recruitment [41] [42] [43] . Lymphocytes appear to affect atherosclerosis primarily through cytokine secretion and immunoglobulin production.
In the present study, we found that baseline eosinophil count was significantly associated with the risk of CAC 20 year later, independent of CVD risk factors. This observation is consistent with the results from prospective studies that have shown an association between eosinophil count and increased risk for future cardiovascular events [12, 44] . Several plausible mechanisms may explain how increased eosinophil count may promote atherosclerosis. It was demonstrated by Marone et al. [45] that when activated, eosinophils secrete several proteins, including eosinophil cationic protein (ECP), a new biomarker of coronary atherosclerosis. ECP up-regulates ICAM-1 expression in endothelial cells [46] , allowing monocyte adhesion on endothelium, which is known to be a fundamental step in atherogenesis. ECP has also been shown to modulate fibroblast activity, leading to increased collagen release [47] , which might have a stabilizing effect on plaque growth. One study has shown that that ECP is associated with coronary atherosclerosis and, when added to main cardiovascular risk factors, improves the classification performance for the diagnosis of angiographically detectable coronary atherosclerosis among patients undergoing coronary angiography due to chest pain [48] .
Coronary heart disease patients have also been shown to have higher levels of eotaxin, a specific eosinophilic chemokine, as compared to controls [49] , and high levels of eotaxin mRNA and protein were reported in human atherosclerotic plaques [50] . An association between the number of diseased coronary arteries and circulating levels of eotaxin has also been demonstrated [49] . Moreover, the enzyme arachidonate 15-lipoxygenase is expressed in significant quantities in eosinophils [51] . This enzyme has been shown to be involved in oxidative modification of LDL in the early phase of atherogenesis, thus contributing to the development of arteriosclerotic lesions. Taken together, it is biologically plausible that eosinophils have a role in determining coronary atherosclerotic burden and coronary artery calcification.
Studies have shown that exposure to cardiovascular risk factors in young adulthood, or even earlier, is associated with future presence and extent of CAC [3, 4] . In CAR-DIA, risk burden over 15 years in 18-to 30-year-old young adults was significantly associated with premature CAC presence at ages 33-45 years [5] . We have demonstrated, in the present study, the associations between baseline total or subtype WBC counts and cardiovascular risk factors, as well as baseline neutrophil count and CAC presence 15 years later and total WBC or eosinophil counts and CAC presence 20 years later. These pieces of data suggest the hypothesis that CRFs in young adults may induce systemic inflammation that may persist over time and influence the development of local atherosclerotic lesions.
The limitations of our study warrant discussion. First, our study included participants with other inflammatory conditions, which may limit the applicability of our observations. Second, CARDIA has data on WBC at baseline but did not measure WBC count during the 20-year follow-up, limiting our ability to understand the longitudinal association of WBC and changes in WBC and WBC subtypes with CAC. Third, we did not measure other inflammation markers, such as CRP, fibrinogen, and IL-6 at baseline, which are associated with cardiovascular disease. Lastly, a large number of statistical analyses were performed in our present study, which may lead to possible chance findings. However, our primary analysis focuses on baseline total WBC count and CAC presence 20 years later and other analyses related to subtype WBC counts are secondary for further understanding of the specific role of subtypes. Thus, the possibility of chance findings for total WBC is minimal although it is likely that some of our results on WBC subtypes are chance findings.
In conclusion, we demonstrated that total WBC counts in young adults is associated prospectively with subclinical atherosclerosis measured by CAC 20 years later into middle age, suggesting total WBC and eosinophil counts may be a marker of early stage atherosclerosis. Our conclusion is based on the age and sex adjusted models and the results are attenuated (no longer statistically significant) when other cardiovascular risk factors are accounted for.
